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ABSTRACT
Using various nanomanipulating instruments, solvated polymers are simultaneously formed into fibers, adhered to solid supports, and
interconnected in real-time to create suspended fiber bridges and networks of specified geometries. Fibers from 50 nm to 20 ím diameter
have been drawn individually and in parallel using single tips and tip arrays. The speed and ease of producing suspended three-dimensional
structures recommends the method for application to custom fabrication of prototype microfluidic and microoptical devices.
In the field of micro- and nanostructure fabrication there is
as much an emphasis on simplifying fabrication as there is
on making smaller structures. Recently developed fabrication
methods that are noted for their ease of use (as compared to
conventional planar microfabrication methods) include soft
lithography and microcontact printing with self-assembled
monolayers (SAM), nanoimprint lithography, self-assembly
of colloidal crystals, dip pen nanolithography with SAM inks,
and electrostatically driven self-assembled texturing of melted
polymers.1-5 We have found that polymer fibers can be spun
and drawn, both individually (Figure 1A,B) and in parallel
(Figure 1C), and simultaneously positioned and intercon-
nected as they are drawn, resulting in fibers and fiber net-
works suspended in air that span lengths from a few microns
to several centimeters with diameters from tens of microns
to under 50 nm. We believe that these fabrication processes
are comparable in terms of ease of use to the fabrication
methods mentioned above. For comparison, other fiber spin-
ning methods for which nanoscale diameters have been
reported include electrospinning to uniform diameters as
small as 50 nm6 and beaded fibers with neck diameters as
small as 3 nm.7 However, electrospun fibers have not been
directly patterned into individually drawn and suspended
strands. Rather, they are collected as mats. Also, individual
fibers of 100 nm diameter have been electrospun between
oppositely charged droplets of liquid polymer separated by
only about 15 ím.8 The reported fibers appear to be resting
on the substrate rather than suspended.
Herein we focus on demonstrating that our methods of
direct fiber drawing (Figure 1A,B and Figure 1C) are capable
of patterning suspended structures with micro- and nanoscale
diameters. The novelty of this process is not the drawing of
fibers but our proposal of directly forming and patterning
suspended fibers into useful nanostructures and three-
Figure 1. Fabrication methods for forming and using polymer
fibers. Basic method of (A) drawing fiber from liquid polymer
droplet and (B) attaching drawn fiber into second droplet to
complete a suspended beam. Modified method of (C) drawing
multiple suspended fibers in parallel. Increased fabrication com-
plexity is demonstrated by (D) overcoating a polymer network
followed by (E) dissolution of the polymer to produce a suspended
capillary network.
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structures by planar lithography (which requires many hours
for sacrificial layer deposition, bridge layer deposition, resist
spin-on, photopatterning, development, etching of the bridge
layer, and etching of the sacrificial layer to release the
bridge), our one-step method is fast (requiring a few seconds
drawing time per fiber) and one which we consider poten-
tially useful for custom fabrication of laboratory device
prototypes.
Prior to describing our fabrication studies, it is worth
comparing our fiber forming processes (Figure 1A,B and
Figure 1C in which a sharp tip pulls a fiber from a droplet
of solvated polymer) to related known processes of fiber
spinning. Our process is somewhat comparable to the solution
spinning method referred to as dry spinning except that,
unlike dry spinning, the polymer is not extruded from a
spinneret.9 More representative than dry spinning of the
physical processes involved in our method of forming fibers
is the experimental methodology for determining rheological
properties of polymers that is referred to as capillary breakup
rheometry (CBR).10 In CBR, a gap between two parallel
circular plates is filled with a liquid. The plates are quickly
separated to a predetermined distance and then the diameter
at the midpoint between the two plates is optically monitored
over time. (Note that for plate separation speeds that exceed
the rate of mass transport due to capillary flow, the initial
diameter of the midpoint is independent of separation speed.)
Capillary forces due to the surface tension of the liquid lead
to capillary thinning and breakup of the resulting filament.
According to the model of Tripathi et al.11 for CBR of a
polymer in a volatile solvent, a fiber, rather than breaking,
will thin to an equilibrium diameter Df if the evaporation
rate (described by the thermogravimetric constant h) and
viscosity (èo) are large enough and the surface tension of
the liquid polymer (ó) is small enough. These tendencies
are summarized in the single parameter P ) èoh/ó, which
predicts an equilibrium diameter of Df ) Di exp(-0.035/P)
where Di is the initial radius found upon separating the plates.
For P ) 0.05, the equilibrium radius is one-half of the initial
radius, for P ) 0.01 the equilibrium radius is 3% of the initial
radius, and P ) 0 corresponds to capillary breakup.
Therefore, to obtain small diameter fibers while minimizing
the risk of breakup, it is preferable to reduce the value of Di
rather than the value of P. While the model, through the
parameter P, does provide substantial insight into how the
material properties control fiber diameter, the CBR model11
would need to be extended to the more complex geometry
of using a sharp tip, a rounded polymer droplet and the
contact area between the tip and droplet. The smallest
diameter fibers reported in this study appear to have formed
through this process of capillary thinning, which, as described
above, is independent of (adequately fast) separation speeds.
Alternatively, for dry spinning in which the plate separation
can be considered to be infinite and the fiber solidifies along
most of its length prior to reaching infinite separation, the
speed may have a more direct effect on diameter. However,
the assumptions for the CBR model (fast separation over a
finite distance, followed by capillary thinning) seem to best
describe our typical drawing conditions, especially those
conditions that produced the smallest diameter fibers.
Therefore, we will refer to the CBR model10,11 throughout
the paper to qualitatively explain our experimental results.
The basic (serial) fabrication concept is presented in Figure
1A,B. Fibers are formed at room temperature from polymers
dissolved in volatile solvents. The tip is dipped into the
polymer drop a number of times while it is viewed through
an optical microscope. When the polymer drop reaches a
consistency, through solvent evaporation, such that a fiber
can be seen between the tip and the drop, the tip end of the
fiber is pulled into a second drop of liquid polymer (as shown
in Figure 1B) or adhered directly to the surface. The fiber
dissolves from the tip and is absorbed into the second drop.
Additional fibers can be drawn between the two drops
without removing the tip or the tip can be detached from
the second drop by retracting the tip a small distance from
the drop, followed by capillary breakup freeing the tip. The
entire structure continues to dry and solidify, resulting in a
two-point supported beam. The cartoons in Figure 1A,B can
be compared with Figure 2A-C. Figure 2A shows an optical
image of six suspended fibers between two polymer drops
that have been formed in this way. The tip used to draw the
fibers (which has a tip radius of 50 ím) together with its
reflection in the silicon substrate are also shown. The tip is
positioned in three dimensions (using the micromill described
below) to form the fiber network shown in the scanning
electron microscope (SEM) images in Figure 2B. The inset,
which is a closeup of Figure 2B shows that these fibers of
a few microns diameter are smooth and uniform in diameter
over the viewing window. Figure 2C shows a single polymer
drop and the well-formed conical tapers that result from
drawing the upper fiber from the polymer drop and from
connecting the (lower two) fibers from a distant drop.
The fibers shown in this report are formed from a poly-
(methyl methacrylate) (PMMA) electron beam resist formu-
lation (C9 which is 9% PMMA of molecular weight 950 000
and 91% chlorobenzene, from MicroChem Corp., Newton,
MA). Note that SEM imaging has been observed to break
fibers (through e-beam exposure); however, we seldom
observe fiber breakage when the gold sputter coating used
for viewing the fibers is thicker than 10 nm. We have briefly
tested several other liquid polymers12 and have been able to
form them into similar geometries and dimensions with
comparable ease as with C9 PMMA. For a drop of PMMA
of diameter 10 mm, we observe that the first fiber will form
on a tip about 5 min after the polymer drop is applied to the
surface, and fibers can continue to be pulled for ap-
proximately another 5 min before the polymer dries out.
Arrays of fibers up to several centimeters in length and
down to 130 nm in diameter have been drawn one fiber at
a time and organized into networks using either a nanometer-
resolution positioning micromill under interferometer con-
trol13,14 or an atomic force microscope (AFM).14 The AFM
scanner only has a translation range of 100 ím; however,
translation in excess of 50 mm in x, y, and z is achieved by
the stepper motor stages that move the AFM sample stage.
We have also hand-drawn both single fibers on the end of
1932 Nano Lett., Vol. 4, No. 10, 2004various tips down to 400 nm diameter (though without the
placement accuracy provided by the nanomanipulators) and
also arrays of fibers to under 50 nm diameter.
The tips used in the AFM include noncontact silicon
cantilevers (20 nm tip radius) and electrochemically sharp-
ened tungsten wires (typically used for scanning tunneling
microscopy, STM). These STM tips, micrograin tungsten
carbide tips (50 ím tip radius, shown in Figure 2A) and
cleaved glass optical fibers (100 ím diameter) are used in
the micromill. Tip sharpness is not critical, since usually the
tip is wetted with a polymer droplet with a radius of curvature
that significantly exceeds the tip radius.
The fiber drawing process is well-controlled in the sense
that the fibers produced are circular and uniform in diameter
over substantial lengths. Also, the pulling rate, by itself, does
not appear to be critical, since we have formed fibers at rates
from 10 ím/s to 100 mm/s under varying experimental
conditions. The amount of time the polymer solution dries
prior to pulling (which increases viscosity) principally
controls fiber diameter.11 This has been tested by program-
ming the micromill to execute a series of tip motions over
time on the same polymer droplet followed by SEM
examination. Fibers resulted that were as small as 130 nm
diameter15 and with lengths of nearly 1 cm. As expected11
the fibers of the narrowest diameter occur early in the
drawing process when little of the solvent from the polymer
drop has evaporated.
However, the current fiber drawing process is not well-
controlled in that there is a limited period of time over which
fibers can be pulled. Also, repeated pulling with the same
tip results in an increasing accumulation of polymer on the
tip that reduces repeatability. There is the further complica-
tion, for fibers of diameter smaller than the resolution of
the observation microscope (250 nm for the highest
magnification optical microscopes), that the operator cannot
be certain when or if a fiber is pulled, which increases the
time and effort required to fabricate desired structures.
There are various technical improvements to refine control
that we believe are plausible. A capillary delivery system
for liquid polymer and solvent could be devised to maintain
uniform quantities of polymer on the tip at a fixed degree
of solvation. Also, it should be possible to interactively sense
fibers with diameters below the optical resolution limit, using
a fluorescent polymer that would enable the identification
of fibers (though their diameter would be observed to be
the same as the resolution of the observation microscope),
or it may be possible with a haptic-interfaced atomic force
microscope16 to identify a force signature that indicates to
the operator’s hand that a fiber is being drawn.
In order both to demonstrate the broader applicability of
polymer fiber drawing for device fabrication and to further
evaluate dimensional limits and repeatability, we also have
produced suspended fibers in parallel. We demonstrate
parallel fabrication using the modified method indicated in
Figure 1C. Here a bead of liquid polymer is applied to the
edge of a stiff sheet of plastic (which is insoluble in the liquid
polymer), a glass microscope slide, or thin paper cardstock.
The bead is allowed to dry from 10 s to 1 min. The applicator
sheet is quickly dragged (in our experiments, by hand) at a
rate of between 10 and 100 mm/s over a sharp array of silicon
tips (Bionic Technologies, LLC, Salt Lake City, UT). While
most of the polymer solution is squeezed off the tips during
the rapid brushing motion, the remaining polymer solution
Figure 2. PMMA fibers. (A) Optical image of fibers formed
between two drops by the micromill tip. (B) SEM image of network
drawn by the micromill. Inset: Close-up of a crosspoint in the
network. (C) Tapered junctions between a droplet and three drawn
fibers (SEM image). (D) Array of fibers formed on a sharp tip array
by the modified method of Figure 1C (SEM image). (A close-up
of the fiber array is included as Supporting Information.)
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under 10 ím in diameter (Figure 2D) and with diameters
constricting to as small as 670 nm near the reattachment point
on some of the tips. Over the 1 cm2 area of this tip array we
have been able to routinely suspend aligned fibers over nearly
50% of the array as per Figure 2D. Using our own custom
fabricated silicon tip arrays,17 which have sharper tips of 1
ím tip radius, we have produced fibers of similar dimensions
as those in Figure 2D.
While sharp tip arrays help to precisely locate and orient
the fibers, fibers can also be fabricated with a blunt array of
silicon tips17 by the modified method of Figure 1C. Figure
3A shows suspended fibers a few hundred microns long,
several that can be seen in Figure 3B to be submicron in
diameter. Fibers as small as 150 nm were found in experi-
ments with a similar array that has 80 ím spacing between
pillars. In a typical experiment, from 30% to 40% of the
array is produced having aligned, suspended fibers. Applying
the modified method to a tip array with 1 ím diameter
pillars on a 3 ím pitch,17 we find numerous sub-100 nm
oriented fibers that are suspended between the tips (Figure
3C). A number of fibers are found that in SEM images
measure between 50 and 70 nm. These diameters include
the thickness of the gold coating15 which varies between 10
and 20 nm for the sputtering conditions used with this
sample. We also identified a single fiber of 32 nm (including
the coating thickness) on this sample. At other locations of
the sample greater amounts of polymer adhere (Figure 3D).
As a result, thicker fibers are formed in the direction the
applicator moves. However, it is interesting to note that in
regions where greater amounts of polymer were applied,
smaller diameter fibers also have formed in the direction
perpendicular to the thicker fibers. Also note that Figure
3C,D shows significant polymer wetting on sidewalls of the
tips. This wetting has apparently pulled the brushed-on
polymer below the surface and drawn polymer from the
fibers (according to the CBR model), resulting in the fibers
being supported below the top surface at roughly the
midpoint of the sidewall wetting.
Additional manipulations and resulting structures that were
produced with tip arrays are summarized in Figure 4. Figure
4A shows results of using a polymer bead on the edge of
the applicator sheet that are of larger volume than used for
the result in Figure 3A. The SEM image (a top down view
of a blunt tip array) shows that a suspended membrane has
formed that spans the gaps of several pillars. Note that,
similar to Figure 3C,D, the structure is supported on the
sidewalls of the pillar. However, in Figure 3A,B there is
negligible sidewall wetting. We attribute the increased
sidewall wetting in Figure 4A to having applied the polymer
solution that had dried less than the solution used for Figure
3A,B. In Figure 4B the fibers are produced by dipping only
the edge of array (with the sharp edge rotated normal to the
polymer surface) into an 1 mm thick layer of solvated
PMMA (formed by flattening a drop of the PMMA between
two glass substrates and sliding the substrates apart) and then
withdrawing the array (which is attached to the z motor of
the AFM) in the vertical direction away from the substrate
Figure 3. Suspended and oriented PMMA structures formed
using the modified method (Figure 1C) with arrays of tips
(SEM images). (A) Oriented fibers formed on a blunt array of
tips. (B) Close-up of the fibers in A. While the fibers differ in
diameter, each fiber is smooth and uniform in diameter along
its length. (C) Oriented sub-100 nm fibers formed on a smaller,
more closely spaced array of tips than in A,B. The uppermost
fiber measures 57 nm, which includes the thickness of the
gold sputter coating.15 (D) Fibers in another region of the same
sample as C. Smaller diameter fibers also formed in the direc-
tion perpendicular to the thicker fibers (and the applicator di-
rection.)
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dry in an unbent position. Then, while still attached to the
pool of polymer, the fibers were bent by hand for examina-
tion in the SEM. It is notable that the array edge, while sharp
in only one direction and long in the orthogonal direction,
still constrains the polymer flow to form tapered fiber bases
that are all quite similar in appearance.
However, if a tip with no sharp edges (e.g., the horizontal
surface of a blunt tip array) is contacted to a layer of liquid
polymer and then withdrawn vertically away from the
substrate (for identical translation speed, state of cure,
separation as in Figure 4B) the structures show forms of
increased complexity and variability (Figure 4C.) Most
notably the bases of many of the fibers are bifurcated, at
least at two scale sizes suggesting a fractal process of self-
assembly. (In CBR theory this process is referred to as
endplate instability, which is indicative of the process of
decohesion.10) Many of the fibers in Figure 3 likely resulted
from the breaking up of membrane films of polymer through
bifurcation and evolution into individual fibers. Drawing
fibers with sharp tip arrays (or even sharp edges as in Figure
4B) reduces the occurrence of bifurcation of the polymer
fibers (Figure 4D.) The drawn fibers in Figure 4D are quite
similar in diameter, except for the outer rows of the array
(in foreground of image) where more of the polymer
accumulates.
Figure 5A-C shows long fibers that were drawn by
hand on the end of a cleaved multimode glass optical fiber
of 100 ím diameter. These polymer fibers, without breaking,
have been repeatedly manipulated, bent, and twisted by
manually translating and rotating the attached glass fiber.
The polymer fibers are formed by dipping and retracting
the cleaved end of the fiber from the PMMA until the fiber
is observed to form under a low power microscope. A
fiber of 2 ím diameter and several centimeters length was
drawn and then manipulated into a loop having a bend
radius of under 8 ím without breaking or kinking (Fig-
ure 5A and inset). Figure 5B,C shows laser light radiating
from a glass fiber into one end and out the other end of
the attached polymer fiber. On occasion, drawn fibers are
observed to curl up into spirals of even smaller bend radius
if they break or detach prior to completion of drying (Figure
5D).
If coiled fibers (e.g., those in Figure 5A and Figure 5D)
can be made controllably with submicron diameters in air
(or even larger diameters in higher dielectric media), then
such structures, through evanescent coupling between turns
of the fiber, offer the possibility of resonant cavities18,19 which
can be utilized as narrow band optical filters and sensors.
Consider that air-clad fibers remain single mode for diameters
up to 0.68ì (for a typical refractive index of 1.5), where ì
is the wavelength of light, which corresponds to a diameter
of 430 nm for a 633 nm wavelength.20 A preliminary
demonstration of a single-mode microring resonator made
from a thermally drawn silica fiber coil was recently
reported.21
Custom drawn fiber structures can be used as complex
three-dimensional templates or scaffolds in subsequent
fabrication processing. This claim is demonstrated in part
by the fabrication of capillary networks by the process
illustrated in Figure 1D,E. The PMMA structures are
overcoated with a second material, and then the polymer core
is dissolved in acetone to leave hollow structures. To prevent
the collapse of the thin-walled structures due to capillary
forces, the acetone is removed by critical point drying in
carbon dioxide. Figure 6 shows a succession of structures
of increasing complexity. The simplest example is to overcoat
single distinct fibers resting on a surface. A fiber is sputtered
with chromium (from several directions to improve unifor-
Figure 4. PMMA fibers drawn with tip arrays (SEM images). (A)
Top down view of a membrane formed between the pillars of a
blunt tip array. The membrane was produced similarly to the fibers
in Figure 3A except that a greater volume of polymer was applied
to the applicator sheet. (B) Fibers drawn normal to the edge of a
blunt tip array and a layer of polymer. (C) Bifurcated fibers drawn
vertically between the top surface of a blunt tip array and a layer
of polymer. (D) Fibers drawn vertically between a sharp tip array
and a layer of polymer.
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the surface supported capillary in Figure 6A. The uncoated
region is the surface of the silicon substrate. The capillary
was cleaved by fracturing the substrate, which probably
caused the break in the sidewall. We also have fabricated
suspended capillaries by vapor depositing the solvent-
resistant and transparent polymer parylene C over PMMA
fibers (Figure 6B).22 Junctions of two capillaries result when
two fibers that cross are sputter coated with 20 nm of gold
(Figure 6C). Part of the capillary (also visible in Figure 6C)
is broken from the junction to reveal the hollow crosspoint.
The thin, modestly transparent gold may be useful in
developing surface plasmon waveguides for optical biosen-
sors.23 The most complex hollow structure in this succession
of demonstrations is the network of suspended borosilicate
glass capillaries shown in Figure 6D, which has been
templated by sputter coating of glass onto a suspended
network of PMMA fibers.
The above results demonstrate the capability of polymers
to be quickly and simply drawn and interconnected into
custom three-dimensional networks of suspended, mechani-
cally flexible structures. Processing is easily done at room
temperature, and polymers (compared to metals and glasses)
are quite tough and resistant to fracture, as demonstrated by
the hand drawing and manual manipulation of the PMMA
fibers. Patterning of fibers by these drawing methods could
be developed into practical alternatives to planar lithographic
processing for the fabrication of micro- and nanodevices,
especially for users outside of the conventional microfabri-
cation disciplines. The combination of fiber geometries
together with the wide variability in chemical, mechanical,
optical, and electronic properties of polymers is especially
well-matched to the rapid fabrication of experimental device
prototypes that integrate numerous functions together, and
Figure 5. Hand drawn PMMA fibers. (A) Polymer fiber that was
drawn on the end of a glass communications fiber. Inset shows an
enlarged image of the hand twisted loop inside the ring in A (SEM
images). A polymer fiber illuminated by 633 nm laser light from
a 100 ím diameter glass fiber at (B) the end of the 3 mm long
PMMA fiber and (C) the junction of the glass and PMMA fiber
(images from optical microscope). (D) A 0.4 ím diameter fiber
that has curled into a multiloop spiral of 2 ím radius after the
end snapped free from the polymer pool (SEM image).
Figure 6. Microcapillaries made by overcoating PMMA fibers and
then dissolving the PMMA core (SEM images). (A) Chrome
capillary on a silicon substrate. (B) Parylene capillary. (C) Cros-
spoint of a gold capillary network. (D) Suspended glass capillary
network.
1936 Nano Lett., Vol. 4, No. 10, 2004which are envisioned for smart textiles, wearable electronics,
and biocompatible implantable microdevices.
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